The discovery of new substances that present innumerable biological activities for the development of drugs is increasingly difficult. Natural marine products are a source of substances with a diversified chemical structure, a broad spectrum of biological activities and low cytotoxicity, which are the essential characteristics for the development of a new drug. An increasing number of reports of Chikungunya virus (CHIKV) infections, in addition to the lack of specific antiviral therapy or vaccines, emphasizes the importance of searching for effective therapy. Studies with the marine green alga Caulerpa racemosa showed antiviral potential. Hence, the aim of this work was to evaluate the anti-CHIKV activity of a marine alkaloid isolated from green alga C. racemosa. Vero cells were used in antiviral assays, submitted to CHIKV, and treated with different concentrations of caulerpin. In the antiviral activity, we observed that the isolated compound showed a much significant and promising EC 50 inhibitory effect of 0.8 µM. When evaluating the virucidal activity, we observed that caulerpin was very efficient against CHIKV, being able to inhibit around 90% of the viral infectivity when treated with 5 μM of the compound. We observed that caulerpin added at times 0, 1, 2, and 3 postinfection still maintains a 100% inhibitory potential of viral replication for CHIKV. These studies suggest that the said compounds might be potentially studied for use in the prevention and treatment of CHIKV infections. Derivatives can be considered as a promising new anti-CHIKV drug and can be used for clinical testing.
The secondary metabolites produced by marine macroalgae present a broad spectrum of biological activity, mainly the metabolites derived from representatives of the tropical and subtropical seas, 1 making marine algae an incredible source of substances in the search for prototypes with pharmacological activities. The antiviral potential of macroalgae was very long known. Several studies have demonstrated the activity of various algal strains against strains of HIV-1, 2,3 HSV-1, 4,5 HSV-2, 6, 7 and dengue type 2. 8 Thus, seaweed provides a rich source for the discovery of antiviral drugs.
The green seaweed Caulerpa racemosa is well known in the coastal region of Brazil due to its peculiar shape, which is similar to a grape bunch, and has attracted attention of several researchers due to its biological potential such as antitumoral and antiviral. Several substances have already been isolated from C. racemosa: among them, some alkaloids, terpenes, and sterols which presented antibacterial and antioxidant biological activity. 9, 10 Among many chemical classes present in plant species, alkaloids have been found to be of great importance in the development of new drugs, since they have a great variety of chemical structures, and have been identified to be responsible for many of the pharmacological properties of medicinal plants [11] [12] [13] [14] [15] Caulerpin comes from a family of natural bisindole alkaloids and has an extra 8-membered ring between 2 indole rings that are directly incorporated with the carbonyl group. This alkaloid presents a number of important biological activities as already described in the literature among which it is important to mention the antitumor, 16 growth regulator, 17 and the stimulating properties of root growth, 18 but its antinociceptive and in vivo effect in vivo. Anti-inflammatory activities have not been reported yet. In addition, caulerpin can also be classified as a low toxicity compound. The literature reports the repellent activity against the Aedes aegypti mosquito from the C. racemosa algae when prepared in acetone extract. 19 Therefore, it is of great importance to find the use of antiviral activity for this species of seaweed in view of its sustainability in production.
The Chikungunya virus (CHIKV) is an Alphavirus of the Togaviridae family transmitted by the mosquitoes A. aegypti and Aedes albopictus. 20 Severe joint pain, also called arthralgia, is the main clinical manifestation of CHIKV. This disease was first described with epidemiological data in East Africa in 1952 to 1953. 21 In 2014, the first autochthonous case of CHIKV infection was reported in the northeastern Brazil. 22 In 2018, 16 chikungunya deaths were laboratory confirmed and 49 deaths remain in suspicion that can be confirmed or discarded. In the same period of 2017, 183 deaths were confirmed and there were 27 deaths under investigation. 23 According to the epidemiological bulletin, in 2019 (December 30, 2018 to March 16, 2019) , there were 12 942 probable cases of chikungunya in Brazil, with an incidence of 6.2 cases/100 thousand inhabitants. In 2018, 23 484 probable cases were registered. In 2019, the Southeast region had the highest number of probable cases of chikungunya (8536 cases, 66.0%) when compared to the rest of the country, ie, the North regions (2139 cases, 16.5%), the Northeast (1786 cases, 13.8%), the Midwest (293 cases, 2.3%), and the South (188 cases, 1.5%).
Currently, there are no specific drugs for the treatment of CHIKV infection. Nonsteroidal anti-inflammatory drugs are recommended to improve arthralgia. However, the re-emergence of CHIKV led to the evaluation of nonspecific antiviral drugs, such as ribavirin and chloroquine, which have antiviral activity in cell cultures but achieved only a limited success, with questionable therapeutic effectiveness ( Based on all the clear evidence that has been observed in the literature, determining the strong association with different gravitational frames for this infection and the increasing search for immediate solutions contribute to its control. The aim of this study is to evaluate the antiviral activity of caulerpin, an alkaloid isolated from the macroalgae C. racemosa, to reduce the morbidity and mortality of CHIKV infection, thus contributing to a decrease in the number of infected individuals and possible consecutive outbreaks.
Air-dried specimen (70 g) were extracted with 100% acetone. Evaporation of the crude extract yielded 2.4 g of residue (about 3.3% of the dry mass) of which 1 g was subjected to purification by silica gel column chromatography and eluted with n-hexane/EtOAc mixtures of increasing polarity (going from 100% hexane to 100% EtOAc). The fractions eluted with hexane/EtOAc (7:3) contained caulerpin, obtained in pure form as orange-red needle-shaped crystals after recrystallization from n-hexane. The identification of 1 as caulerpin ( Figure 1 ) was based on the comparison of physical and spectroscopic data with literature data and the authentic samples were obtained as in the previous studies. 9 The extract of C. racemosa was prepared in 100% acetone and was subjected to a choice of the eluent system to be used in the chromatographic column by varying the polarity of the organic solvents n-hexane and ethyl acetate by thin layer chromatography (TLC). The eluent system chosen to be run on the open chromatography column was Hex/AcOEt (7:3) due to separation of the lanes and an appropriate Rf.
The acetone extract was subjected to the chromatography on the open chromatography column with a silica gel stationary phase of 60 (0.063-0.200 mm) from Merck, supported by a glass column with a diameter of 4 cm. The silica height used for the glass column was 20 cm, where the sample (1 g) was incorporated into the column. The organic solvents n-hexane and ethyl acetate (7:3) were used as the mobile phase, where the displacement of a coral stain was observed, and it was collected in its entirety in a Becker.
An aliquot (10 mg) of the fraction obtained in the fractionation of the extract was solubilized using the chloroform organic solvent and conditioned under refrigeration. After evaporation of the solvent, it was possible to observe reddish crystals under the vessel wall. The bottom of the vessel was solubilized using dichloromethane and discarded.
Analyzing the 1 H NMR of the sample resulting from recrystallization, we observed the presence of 2 broad doublets in δ 7.41 and δ 7.31. There were also 2 double triplets in δ 7.17 and δ 7.07, and 3 simpletons δ 9.18, δ 8.03, and δ 3.88 which show the characteristics of methyl groups. When compared with the literature, such signals are characteristic of the natural caulerpin product. Therefore, the recrystallized fraction has caulerpin as the major substance. 24, 25 (Figure 1 ).
The cytotoxicity (CC 50 ) of the isolated compound from the algae C. racemosa was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich). The results in Table 1 showed that C. racemosa isolated present the best CC 50 with a value of 589.3 µg/mL. Subsequently, we evaluated the antiviral activity of the caulerpin. For these analyses, we tested different concentrations of the compound. The percent inhibition results (EC 50 ) of the molecule caulerpin showed a 99% inhibition at concentrations of 20, 10, and 5 µM. A concentration of 2.5 µM showed 92% inhibition, 1.25 µM showed 75% inhibition, and 0.65 µM showed 47% inhibition featuring an EC 50 of 0.8 µg/mL.
We observed that the caulerpin were able to inhibit the replication of CHIKV in a dose-dependent manner by inhibiting plaque formation ( Figure 2 ). Based on these data, we evaluated the selectivity index (SI) that represents the degree of reliability of the extracts for possible future use and that has the relationship between CC 50 and EC 50 , corroborating the perspectives that 3 extracts with the lowest EC 50 also had a higher index of selectivity. Caulerpin presented a higher index 736.62 (Table 1) .
We have already published a paper, which demonstrates that the algae extract of C. racemosa presents a 732 mg/mL CC 50 . 26 After the outbreaks of infection and its accelerated spread caused by CHIKV 27 as well as their strong impacts on public health, severe associations with signs and symptoms of high severity possibly caused by these viruses. Several studies have been carried out in the search of compounds that can act on viral replication reducing the severity of the cases and improving the quality of life of the affected people.
Strategies using natural products of seaweed or other sources and their derivatives for years have been shown to be effective mainly because of their low toxicity and their high activity potential against different viruses as previously described. 20, 21 In our studies, we demonstrated that the compounds have low toxicity, with a CC 50 of 589.3 µM for caulerpin, demonstrating that the compound can be very promising. Our compound also exhibits potent antiviral activity with values of EC 50 CHIKV 0.8 µM generating a SI of 736.62.
We also performed the PCR assay and evaluated that caulerpin was able to dose-dependently inhibit the production of RNA copies showing that the drug has a total effect both on the viral particle and on the production of RNA (Figure 3 ) .
Determination of the Virucidal Activity of the Compound
This evaluation was performed by the determination of plaque formation and the determination of viral titer. As can be seen in Figure 4 , C. racemosa isolated was able to inhibit the replication of CHIKV in a 100% dose-dependent manner at the concentration of 5 µM used. Ribavirin that was used as a control did not present a significant effect inhibiting up to 35% of virucidal activity for CHIKV.
An important evaluation that has been extensively studied in the literature was to evaluate the virucidal potential of compounds, determining their effectiveness in epidemic outbreaks, acting as a preventive measure. We observed that caulerpin showed a dose-dependent virucidal potential to inhibit up to 100% of CHIKV activity at the concentration of 5 µM used (Figure 4 ).
Time of Addition Assay
When we observed the effects of the compounds at different times of addition on vero cells infected by CHIKV, the compounds added at T = 0, 1, 2, and 3 (simultaneous) had a very significant inhibitory effect with 100% inhibition rate on the virus when compared with ribavirin, followed by a strong decline of its activity after 8 hours, whereas caulerpin only showed a decline accentuated after 16 hours, as observed in Figure 5 .
The determination of the action mechanisms is an important strategy to evaluate if the compounds have a promising character and has certain specificities. The search for drugs that act at different stages of viral replication in addition to its low toxicity may be important to determine if it is possible to adopt it for clinical use. 26 In this way, when we observed the low cytotoxicity and high inhibition of the replication of CHIKV, we evaluated the inhibitory effect of the compound added at different times after viral infection. We observed that caulerpin added in time 0, 1, 2, and 3 hours postinfection still maintains an inhibitory potential of viral replication 100% for CHIKV.
The cycle of the virus has not yet been described in the literature according to a time frame. The article claims the CHIKV replication cycle to last 6 hours. 28 However, this study has published a review demonstrating a few drug candidates that act on different stages of the replication cycle, but with a questionable therapeutic efficacy.
Further studies allowed us to determine if the compound has a potential antiviral activity. The evaluation of a compound combination is in reduced concentrations with a considerable increase of its inhibitory effects, but with reduction of toxicity in the low concentrations used, as already proposed by some research groups. 29, 30 In conclusion, our findings showed that the caulerpin isolated compound had activity against CHIKV. With regard to the possible mechanism of action of these substance, caulerpin showed a high virucidal pattern.
Our results demonstrate the importance of searching the marine environment for antiviral drugs with activity against CHIKV that can significantly reduce the morbidity and mortality of infection. Given the virucidal activity of caulerpin, it may be useful in developing a preventive strategy to significantly reduce the emergence of new cases.
Experimental

Algae Extraction and Isolation
Specimen of green seaweed C. racemosa (Forsskål) J.Agardh were collected by scuba diving at a depth ranging from 50 to 10 m, in May 2008, at sublittoral the west side of the archipelago of São Pedro and São Paulo, Pernambuco Brazil (lat. 00°55′S, long. 29°21′W) lying about 1000 km from the Rio Grande do Norte State coast. The algae were collected and identified by Doctor Roberto Campos Villaça (Departamento de Biologia Marinha, Instituto de Biologia, Universidade Federal Fluminense). The seaweeds were washed with local seawater and separated from sediments, epiphytes, and other associated organisms. The Voucher specimens were deposited at the Herbarium of the Rio de Janeiro State University, Brazil (HRJ 10572).
All solvents were high performance liquid chromatography (HPLC) grade. Analytical thin-layer chromatography (TLC) separations were carried out on Merck silica gel 60 F-254 (0.2 mm) precoated aluminum plates. Once developed, the plates were visualized by spraying with 2% ceric sulfate in sulfuric acid, followed by gentle heating. Silica gel 60 (Merck, 70-230 and 230-400 mesh) was used for column chromatography. Nuclear magnetic resonance spectra were recorded in CDCl 3 (100%, Aldrich). After extraction with 100% acetone at room temperature, the material was filtered and the solvent was removed by using a rotary evaporator under reduced pressure. The extract was stored under refrigeration. The extract was subjected to TLC with eluents of different polarities. Analyses by analytical TLC were performed on silica gel 60 F254 aluminum plates. The revelations of the chromatographic spots were made by inspection under UV light (at 254 and 366 nm) and by spraying with a solution of 2% ceric sulfate in sulfuric acid, followed by heating. The column chromatography was performed on silica gel 60 (70-230 mesh).
Cytotoxicity Assay
To assess the cytotoxic effect of the caulerpin on vero cells with 90% confluence in 96-well plate, the cells were treated with 100, 200, 400, 800, and 1000 µg/mL of isolated substance caulerpin and incubated for 2 to 3 days in Dulbecco's Modified Eagle Medium (DMEM) plus 5% of fetal bovine serum (FBS) at 37°C in CO 2 incubator. Next, MTT reagent (5 mg/mL) (Sigma Aldrich) was added after 3 days postdrug treatment and incubated for 3 hours at 37°C. Medium was removed, 100 µM Dimethyl sulfoxide (DMSO) was added, and cells were incubated at 37°C for 15 minutes to dissolve the Formazan crystals as described. 31 The absorbance was measured at 550 nm using ELISA plate reader. The metabolically active cell percentage was compared with the cells control and cellular cytotoxicity was determined. To validate this experiment, we perform 3 times in independent form.
Antiviral Assay
Antiviral activity was evaluated using a virus plaque reduction assay. Vero cells were grown in 24-well plates under described conditions and subsequently infected with CHIKV (Multiplicity of Infection -MOI = 0.1) in the absence or presence of different concentrations of the caulerpin (0.65, 1.25, 2.5, 5, 10, and 20 µM). After 1 hour of adsorption at 37°C, residual inoculum was replaced by medium containing 1% methylcellulose and the corresponding dose of each compound. Plaques were counted after 3 days of incubation at 37°C at 5% CO 2 . The inhibitory concentration 50% (EC 50 ) was calculated as the compound concentration required to reduce virus plaques by 50%. All determinations were performed twice and each in triplicate. This was used to determine the number of plaques forming virus units (PFU/mL) compared to mock CHIKV control.
Virucidal Profile
To assess C. racemosa alga isolated compound that has a direct effect on the infectivity of CHIKV, approximately 200 plaque forming units of the viruses were incubated at 37°C in DMEM containing concentration of 5 µg/mL. As a control, the same amount of virus was incubated in DMEM containing 1% DMSO and the same procedure was performed for ribavirin.
The remaining virus titer obtained after each treatment was determined by plaque assay on vero cells as described above.
Time of Drug Addition
To determine which stage of the viral life cycle was affected by the drug, the effects of treatment at different times were evaluated. Monolayers of vero cells were grown in 24-well plates as previously described and were infected with CHIKV at an MOI of 0.1 at time 0. Cells were treated with compound caulerpin to a final concentration of 5 µM per 0, 1, 2, 4, 6, 8, 12, and 16 hours. After incubation for further 12 hours, the culture supernatants were collected and the cells were topped with 3% carboxymethylcellulose in culture medium. After 72 hours of incubation at 37°C, the cells were fixed with 20% formaldehyde for 2 hours and stained with crystal violet for 5 minutes. Plates formed after each treatment were counted and titer calculated.
RNA Detection by RT-qPCR and Virus Sequence
RNA from samples presenting cytopathic effect was extracted using the commercial kit QIAamp viral RNA mini (QIAGEN, Valencia, CA, United States) according to the manufacturer's instructions. Isolation was confirmed by reverse transcription real-time PCR (RT-PCR) using primers targeting the structural polyprotein (Forward TATCCTGACCATCCGACCCT/ reverse GGCTCTTGTCCTTGCACTCT) and Superscript III One-Step RT PCR Kit (Invitrogen Carlsbad, CA, United States), according to the manufacturer's instructions. Amplification was performed in the PeqStar (PeqLab, Erlangen, Germany). PCR conditions were as follows: 60°C for 1 minute, 50°C for 45 minutes, 94°C for 2 minutes followed by 45 cycles of 95°C for 15 seconds, 55°C for 30 seconds, and 68°C for 60 seconds. The resulting amplicons were sequenced in the ABI 3730 genetic analyzer (Applied Biosystems) following the manufacturer's protocol. Raw sequence data were aligned, edited, and assembled using the Assembler tool Bioedit Sequence Aligner Editor. The identity was confirmed by using the Basic Local Alignment Search Tool (Blast) and compared to other CHIKV sequences. Phylogenetic tree was constructed using MEGA 7 program.
